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ADSTRACT 


Processes which lead to the production of y rays with 

energy greater than 8 MeV in solar flares are reviewed and 

evaluated. Excited states which can be produced by inelastic 

scattering, charge exchange, and spallation reactions in the 

abundant nuclear species are considered in order to identify 

nuclear lines which may contribute to the y-ra.y spectrum of 

solar flares. The flux of 15,11-MeV y rays relative to the 

flux of 4,44-iMeV y rays from the de-excitation of the correspon 
12 

ding states in c is calculated for a number of assumed distri 
butions of exciting particles. This flux ratio is shown to be 
a sensitive diagnostic of accelerated particle spectra. Other 
high-energy nuclear levels are not so isolated as the 15,11-MeV 
state and are not expected to be so strong. The spectrum of 
y rays from the decay of it° is shown to be sensitive to the 
energy distribution of particles accelerated to energies 
greater than 100 MeV, 


I. INTRODUCl-ION 


In astronomical observations, as well as in laboratory 
measuremonhs , lines serve as probes of energetic particle 

interactions. Solar Y-*ray lines were first detected from the 
Importance 3D solar flares of 1972 August 4 and 7 by Chupp 
et al . (1973) with the y-ray spectrometer aboard the OSO-7 
satellite. Theoretical treatments of y-ray production made 
prior to 1972 have been reviewed by Ramaty, Kozlovsky and 
Lingenfelter (1975) , They present, in addition, updated 
interpretations of y-ray observations, relating them to the 
spectrum, number, and energy content of accelerated particles. 
The solar y-ray spectrum in the energy range 4 to 8 MeV has 
been studied further by Ramaty, Kozlovsky and Suri (1977) with 
the conclusion that the emission in that energy range is due 
almost entirely to nuclear processes, and that the ratio of 
electrons to protons does not exceed 5%, They suggest that 
tlie observations are best fit by a relatively flat spectrum of 
particles whose velocity vectors do not point predominantly 
tovsfards the photosphere. 

Because most of the higher energy states are particle 
unstable and lead to little or no y-ray emission, the signifi- 
cance of Y-ray lines more energetic than the 7.l2-MeV line of 
0 has only recently been considered (Crannoll and Crannell 
1976, 1978; Crannell, Ramaty and Crannell 1977). The infor- 
mation to be gained from observations of a high-energy y-ray 
line should not, however, be overlooked. Pairs of y-ray lines, 
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Ctom t;Uo oiuwa juicionr apocioa bv\t x'oaultinq Crom Uha du- 
oxaiUation of nucluax* lovola with witloly aoparntad thJ.‘oahoX0l3 , 
provid* (I unique moaauro of tho apoctra of high-onorgy partioio 
w*ithii\ thoii: aourcu. 

In tha proaonU work, tho lino omiaaion ami continuum 

radiation abovo H MoV arc invoatigatod. A number of nucioar 
atatua arc idontiCiod aa poaaibia oandidatt^a for producing 
high-onorgy yj-'^y lino omiaaion. For ono hinh-onorgy iino, 
roauiting from tho decay of I^-q*^***^^ MqV) ^ oKcitation 
croaa aoctiona and branching ratioa have doon atudiod oxtonaivoly. 
Thoao moaaurod croaa aoctiona and branching ratioa aro uaod to 
Galculato tho QxpoctOd. intonaity of tho 15,11-MaV lino omiaaion 

rulativo to that of tho lino from a lower-lying atato 

,12 

in c. 

If tho apoctrum of onorgotic charged particloa oktonda with 
aufficiont intonaity to hundroda of .Mov/nuclaon in solar flaroa, 
high-onorgy gamma radiation will roault from tha prodviction at\d 
decay of tr® mosona. 'Iho apoctra of ii ‘’-decay y rays have been 
calculated by Lingonfolter and Famaty (19G7) and by Gliung (11)72) 
with the approximation tl\at all iv‘* masons are produced at t)ie 
mean energy for the given incident proton energy. In the 
present work, the total flux of tv" meaotvs is re-evaluated and 
the resultant yray spectra are calculated from mensurod 
differential v^ross sections for n" production. 

In tho next section, the nuclear processes which contribute 
to lino etivission and continuum radiation above 8 MeV aro de- 
scribed in detail and the relative flux densitios are determined. 


' ■h' 
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Tho rQ3V)lbanb Y“J-*oy apoctifum, with nn oaUimntotl uppor limit foi: 
tho brQmaaUtnhlunfj contribvition, ia px'oaontQCl in Section 111, 

In the iinnl aoction, tho aignifiennoo nnd obaoi’vability oP tho 
protlictod apoctrum niro aummarisjod. 


II. NUCLEAR PROCESSES 


The atrength of y-ray lino emisaion ia proportional to tho 

product of throG factors: cross aoction, branching ratio, and 

nuclear abundancea, Abundancos are rolativcly \mll known and 

branching ratios for electromagnetic decay have boon determined 

adequately for most of the states of interest. The cross sections 

for production of moat high-energy states are, however, sparsely 

measured. One of the woll-atvidicd Y-ray transitions, which is 

also one of the strongest, is produced by decay of the 15.11-MeV 
I’’ 

state in *'C. In the subsection that follows, the technique for 
predicting the strength of the 15.11-MeV line relative to that of 
the ••l,<S4-McV line is developed, and predictions based on measured 
cross sections and branching ratios are presented, in Subsection 
b, the strengths of other y-ray lines with energies above 8 >5eV 
are compared to the strength of the 15.11-MeV lino. The processes 
which can be expected to make significant contributions to the 
Y-ray continuum above 8 MeV arc bremsstrahlung and decay. In 
Subsection c, the relevant cross sections for production of 
neutral pions are presented, and the spectral distribution of the 
subsequent Y-ray continuum is evaluated, 

12 

a) Gamma Rays from the 15,11-MeV State in c 

3 2 

With one exception, all excited states in the nucleus ‘ *C 
with energies above the threshold for alpha emission at 7,367 

MeV decay predominantly by direct pax*ticle omission and thus 
produce fev'/ nuclear y rays. The one exception is the lowest- 


onurgy laonpln *r ~ l, atato, tho onnlo^ to tho ground otuto in 

l*> 12 

^11 nnd ’ N, tit i5.il MqV, 'ruia stntG iioa bolow hha lowaat- 

onorgy, BingiQ-pnrticlQ omisaion tbroshold by O.BS MqV and ia 

hliua atixblQ agninat neutron or proton omiaaion. If thin iQvol 

woru a puro i' “ 1 atato, docny by alpha omiaaion would bo for- 

biddon by iaoapin aonaorvation. Thoro is a small admixturo 

oC *r ■ 0 in thia atato, but tho lUQaaurod alpha- to gamma-docay 

branching ratio ia only 0.0<ll + 0.005 (Dnlamuth, Kurmhhla and 

I’nbor 197'1) . nocauao oloctronmgnotic trnnaitiona can change 

tho nuclear iaoapin by 1 Unit, tlie atato can decay readily by 

omission of a Yl-ay. In the caae of 15.11-MoV excitation, the 

decay directly to the ground state is dominant, A weightod 

average of tho experimentally measured branching ratios 

(Ajsonbarg-Selovo 1976) yields a value of 0.952 + 0,009. Thus 

12 

de-excitation of the 15.11-MeV atato in ~c procooda by Y-ray 
emission directly ho the ground state 91 + 2% of the time, 

'Jl'he important cross aoctiOns for producing and 15.11- 

MeV Y rays are shown in Figure 1 as a function of the kinetic 
energy Of the incident particle. In the present analyaia^ the 
cross aoctiona for prcducing 4 ,’U-MqV Y raya by proton inter- 
actions are taken from the work of Ran>aty, Kozlovsky , and Suri 
(1977) which includoa measuremonta up to 10 MoV. Tlioir results 
are represented by the solid curve. At low onorgios, this curve 
is a smootiiod average of the ^^c(p,p' ) ^ ' cross sec- 

tion. At higher energies, it includes important contributions 
due to production of a 4,<U-MoV atato in from the reaction 
^^G{p, 2p) ^ * . fho cross Sections for producing 
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Y i-'ftyo by {\lplu\“'piu;biclu inbornctiono nro also fcakon 

£roiu tho work of Uamaby, Koalov3ky,n»t^ Suri (1977) roprosoubod 

by bUo Uashoil ourvo. This is an iwpoi:tant proQoaa in bho aolai? 

modimw bacauno of bbo mannlbudo of tlio cboan soction and bocauso 

of UvQ abundance of alpba pacbicloa. 

dobUod cuevo ahowing aoino of blvo abruebubQ in bho croQo 

qoebion foe pj,*oducbion of <1 .*M-MoVy Jbays by probon inbQfnqbions 

wibh “c ia obbainQd from bho data of Marbin, Schnoidor and 

Sompobb (1953) for ‘l.*U U < G.5 MoVf koieh, Phillipa and 

Rnaaoil (195G) for ‘1.9 < B <5,5 UoVj IJarnard, Swinb and Clonn 

P ~ 

(19(iG) for 0.6 < 13 < 11.0 MoV; and Nagahara (1901) foi- 9.5 E 

— p — P 

< 16 ,MoV, wham E^ ia ubo kinobic onargy of bho incidonb probon. 

bp bo an anorgy of 19 MoV, i,)io croaa aoebion for oscibabion of 

12 

bha 9,-bl-MoV sbaba in C ahov^s considorablo atrueburo. In bho 
works of Martin, Sehnoidor and Somporb and of Raich, Phillips 
and Russoll, bho amibabion croaa aoebion was moasurod by dotoeting 
bho «l,‘U-HaV dG-o.\’cibabion y 90*^. Tim bobal cross aoGtion 

ropmaanbod by the dobbod curvo w’aa obbainod by asauming bbab the 
orosa sootion for photon oiftission ia isotropic, PifCarontial 
cross sacbions moasurod at additional angles by Roich, Phillips 
and Rusooll at throo anorgios noar tha first rosonanco, 3,188, 
5,297, and 5.92U *MoV, show that this aasumpbion of isotropy loads 
bo discmpancios as largo aa 60% in bho first two rosonancas. 

In bliQ akporimanba of harnard, swinb, and Clegg and of Nagahara, 
difforonUial cross soebions wora n\oasurod for a wido rango oP 
anglos of the meoil probotv at oach incidonb proton onorgy. Tho 
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croaa aactiona shown hero aa tho dahtod curvo includo tho total 
crqsa aoctiona given by tlmso authora* 

The oross soctions obtained with alternate methods/ by 
dQtoctiivg the scattered proton and by dotocting the de-oxcitn- 
tion Y i^hy? give a a bis factory agreement within the limithtions 
of the experimental measurements. The resonance structure, 
which would be iiaportant for narrow distributions of proton 


energies, is ofieotivaly smoothed when folded with the proton 
spectra assumed fox' purposes of the present work. 


The tohal cross sections for production of the 15,ll-^^oV 
12 

state in c by protons has been measured by a number of workers 
The dotted lino shown in Figure 1 indicating ti^e 15,11-MeV 


excitation in 



is taken from hlie 


^“Ctp,p'Y) 


12^M15.11 MoV) 


measurerents of Warburton and Funsbon {li)G2) for < B < 20 MeV, 

P - 

mul froa\ Moasday ot al . (1963) for 14 ^ < 4 8 MoV* In both Of 

ttmsa experiments the 15,11-MoV y ray was detected only at 90® 


in the laboratory. The total proton excitation cross sections 
plotted in Figure 1 Avore obtained by assuming that the Y-^^ay 
omission is isohrapic in the lEiboratory and by reduciiifi by 0.8 
and 0.9 fclve results of Warburton and Funsten and of Measday 
ot al . / rospQGtivQly , bo obhain agreement with tJie mansuramQnt 
of Scott, Fisher and Chant (1967) for an incid,ont proton oneroy 
of 21 MoV. 

Above a proton energy of 20 MeV, ^\'{p»p-) ^‘^v,Mir>.ll MeV) 
differential cross 3octioi\s have been measured by Scott, Fisher 
and Chant (196?) for proton energies between 20*6 and. 38.3 Hev, 

Coraiab et al . (1975) fox* 22,5 ^ E 45 HoV, Pickens, Haner and 

P 
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WaddQl (1PG3) at 31 McV, Petersen ot al , (19G7) at <16 MeV, 

Amos ot al , (1974) at 61 MoV, and Hasselgren *» t al . (1965) at 
185 MeV, The differential cross sections reported by those 
authors have been integrated to obtain the total cross section 
shown in Pigure 1. The total cross section obtained from the 
work of Ilasselgren et al , of 0,5 mb is not shown in Figure 1, 
but was used in the analysis. For proton energies above 24 MeV 
those cross sections fall above those given by the dashed curve 
representing the measuremf^n £s of Warburton and Funsten, This 
is almost certainly due to the nonisotropic nature of the 15.11- 
MeV Y-ray emission. 

Other nuclear reactions which produce the 15,11-MeV state 
are significantly reduced when compared to inelastic proton 
scattering. The excitation of the 15.11-MeV state by alpha 
particles has been observed (Spuller et al , 1975) but is 
suppressed by more than an order o^ magnitude due to the parity 
and isospin of the state, and is thus not important in stellar 
processes. The cross sections for ^®o(p,p'a) (Ij.ll MeV) 

have not been reported in the literature, preliminary measure- 
ments of tile ratio of this cross section t** the cross section 
for the direct process c(p,p') G ^ (Lapides et al . 

1978) have shown that it is approximately the same as the equi- 

. .12 

valent ratio for producxng the 4 .44-MoV state in c. Thus 
these secondary reactions on are expected to enhance the 
intensities of both lines without significantly altering the 
ratio of line intensities. For consistency, all (p,p'n) inter- 
actions are omitted in the following considerations. 
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The solia curves shown in Viguro 1 nro visual Pita to tho 
Qxcitation cross section aata. M?ovc a proton kinetic enoru”, 
of 10 MoV, the crons sections for excitation of both tho 
ami iri.ll-MaV states vlecroaso approKimatoly as 
The cross sections reprosen tevl by the aolivl linos, aionq with 
interpolations betv^oon the highor~Qnorny monsure^nents , worn 
owployed in arriving at the flvix eshinmtas prosontevl in this 
pvipor. 

As is made clfcar in Fiqure 1, the cross sections for pro-^ 
dnetion of tlve two nuclear ntatos have vH*'forent onorqy do- 
pondencoa, and thus the relvativo intensities of the 15,11-MoV 
and 4 .‘U^MqV linos depend on the functional foris c? tho onorqy 
spectra of incident protons and alpha particles. In this work 
the energy spoctrvuu is parameterisod by two variables as in 
tho solar review of kamatyf Koslovsky, and Linqonfeltai* 

(197S) . The energy in the particle spoetrum is assumed to be 
constant frosu Q to some cutoff energy K , and then to decroaso 

CiL 

witJi a power law with exponent s, or 



Tho ratio of alpha particle to proton flux is assumed to bo 
0.07, in accord with abundances given by Trimble (1975). The 
ratios of the tlvixos of the two linos, ><*‘(15.11) ,•(9) is thus 


i 
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given by tho o.Hproaaion 



vhoro ) anil e ^ ci.*osa aoctlona foi,^ 

I”' 

piroducinq tho 15,11'^ nn'l *l .A-t^-MoV stntoa in *'c by proton 
' eolliaiono/ o. ..(n,oi') is tho cross soction for produoinn tho 

i *l • M *\ 

•V.44-MqV statp by alpha collisions , and v is tho volocity of 
tho incido)*T particlo. In I'iqurc 2 tl\o ratio predictod by 
flspiation (2) is plotted as a function of s for fovu' difforent 
valv\os of K_ ranging from 0 to 30 MoV, For tho moro probable 

C 

; cases with > 20 MeV (Ramaty, Koslovsky ,and suri 1977) the 

intensity of the 15,11-MaV lino is nroater than 1% of the 
4 .AA-M 0 V line for all values of s. 

j b) Gamma Rays from other Nuclear States above S MeV 

production of Y*i^oy lines above an ou U'qy of R MoV in tho 
solar atmosphere is restricted by the scarcity of hinh-enerqy 
I transitions associated with the small number of relativoly 

1 abundant isotopes. In tl\e present work, excited states which 

i can bo produced by inolastie scattorinq, oharqo OKv'hanqo, and 

i - 

spallation reactions in tl\o abundant nuclear species have been 
Gonsidercid. Plnce oven the 15,11-MeV lino will be di^*^icult to 
detect with present instrumentation, only those, linos which 
i have a relative intensity at least or the 18,11-beV lino 

: are tabulated here. 
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Throo factors other than tho spoctrum of incidont particles 
are imporbnn** in deterinining the relative strengths of nuclear 
lines: first, the relative abundance of the target nuclei; 
second, tho cross section for producing the excited state; and 
third, the branching ratio for electromagnetic decay of tho 
excited state to a suitable level. For most nuclei, cross 
sections for production of any of the high-energy states are 
known only at a few selected energies, if at all. Those in- 
elastic scattering cross sections which have been determined 

are within a factor of three of the cross section for producing 

. 12 

the 15*ll-MeV state in c. Spallation and charge exchange 

cross sections (p,n) are goneraliy smaller. For purposes of 

this investigation, therefore, it is assumed that none of the 

unknown cross sections is significantly greater than that for 

. 12 

the 15,11-MoV state in c, and hence only those nuclei with 

12 

moderate abundances relative to C have been considered. The 

12 

nuclear species with abundances greater than I'i that of C 
and their relative abundances in the solar photosphere (Trimble 
197S) are presented in Table 1, 

In order for an excited state to exhibit a significant 
Y-ray branching ratio, it must be particle stable. Thus all 
states above the single^nucloon threshold have been ignored. 
Gtahes above the alpha-particle threshold also were ignored 
unless alpha decay is forbidden by isospin considerations. The 
list of excited states is fvirther restricted to those which can 
bo excited by tGlatively simple reactions with the abundant 
nuclei listed in Table 1, These reactions are (p,p/), (p,2p) , 
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(P/d) / (P/n) , (a, a')/ and (a.y). HycU-ogon han no 

Qxcihod nuclonr ataboo below bho delta roaonanco at 29<1 MoV. 

'I'liia rosonancQ doos decay by y-ray omiaaJon O.G% of. the tinio 
but dooo not produco lino omisaion bocauao ol! its intrinaio 
width of 115 MoV, The excitod atatoa in helium are all above 
the particle disintegration bhreal^old, Purthermoto, y-ray 
transitions from the first throe excited states, which lie in 
the energy range 19 to 23 MeV, are either forbidden or inhibited 
by the spin and the parity of the nuclear states. In oxygon 
and iron there are no particle-stable nuclear levels above b HqV. 

In Table 2 a list of the energies of strong y-ray tran- 
sitions hogetlier witli the excited nuclei and the branching 

ratios {Ajs’enborg-Selove 1972, 1975, 197G, 1977 j An^ienborg-Selovo 
and Lauritsen, 1974; Auble, 1977; Endt and Van dor Leim 1973; 
Piarman and Hanna 1975; Fiarman and Meyerhof, 1973) are presented. 
For tlie most part, the y rays are the result of transitions 
from an excited nuclear state ho the ground state. In a few 
cases, those marked witli an asterisk, the dominant transition 
is ho the first excited state of the nucleus, 'rhe last column 
labeled "strength factor" gives the product of the y-ray 
branching ratio times the relative abundance of the target 

nucleus, normalised to a value of 100 for the 15.11-MeV tran- 
12 

sition in C. If the total (p,p') crocs sections wore the 
same for each of these states, the relative intonsitios Of the 
y-ray emissions would be directly proportional to tlie strength 
factors listed. The cross sections for the spallation reactions, 
on the other hand, are generally more than an order of macfnitudo 
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lowQi: than tho inalnstic acattQfing cross sQCtions, Stronqth 

factors for bhoso transitions would, thoroforo, bo minlondinq 

in rolationship to tho flux, for this reason/ stronqth 

factors for thoso transitions produced by spallation roachions 

are not listed in Table , It is not expected that tho y-r'sy 

flux from any of the transitions listed in Table 2 will exceed 

30% of that of tlio 15.11-MoV line. 

TWO additional linos, with branching ratios less than <10%, 

are included in Table 2 because both are produced by transitions 
12 

in C and because their intensities relative to tho 15,ll"-MeV 
lino are Well known. The 15. 11-MeV state decays to the <1.<M- 
MeV state, producing a line at 10.67 MoV with a flux 3% that 
of the 15.11-fteV lino, Tlio state at 12.61 MnV, (1*, 'x n o) I3 
known to decay eloctromagnotically to tlie ground state 2% of 
the time (Ajaenberg-Selove 1976) . The cross sections for pro- 
duction of this state arc not as well measured a.s those for 
the 15,11-MoV state, but values for tho cross section Imve boon 
reported by Moasday et al . (1963) for 1<1.9 £ 19 MeV, and 

Goramb ob al . {1975) for 2<1 £ £ <15 MoV. Under the a.ssumpbion 

that the proton spectrum is constant up to- an energy E = 30' MoV, 
the into-'^ral production rate of the 12.71 MoV state, based on 

those cross sections, is found bo be a factor of 3 greater than 

1 ? 

that for the 15,11-MeV state. Tho 12.71-MeV level in c would 
therefore produce a line with approximately 6% the strongth of 
the 15.11 "MqV line. 

A summary, indicating the number of y-rey transitions by 
energy and by excited nuclear species, is presented in Table 3. 
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It ia roaclily scon Uhati tho total number of lines is a clociraasing 

fvmcbion of energy ^ with most of tho transitions having energies 

loss than 10 MoV, Tho Only known y-ray lino above 13 MeV is 

the well resolved and isolated transition duo to the 15.11-MeV 
12 

state in G. Other possible sources of y-ray lino omission 
at energies characterizing the nuclear binding energy, approxi- 
mately 8 MoV, are reactions involving thermal neutron captvare. 
These (n,y) reactions have not been considered in this work, 
but are known to bo powerful diagnostics in remote sensing, an 
discussed by Tron\bka et al . (187 0) , 

c) Production of ii® Mesons 

Stacker (1970 , 1973) has compiled the it“ production cross 
sections times multiplicities for tho reactions 
p f p -► niT° + anything, 
and 

p + a nir° + anything, 

where n is the it® multiplicity. The parameterized fit (Stecker 

1973) for it“ production by proton-proton interactions covers a 

range of energies from a few liundred up to greater than 10^ MeV, 

applicable to tho cosmic ray particle spectrum, Tho spectrum of 

particles accelerated in solar flares is not expected to extend 

3 

significantly above an energy of 10 MeV, so that the range of 
energies from production threshold to cutoff is relatively 
narrow. As can be seen in figure 3, the cross section for the 
reaction p + p p + p + it® rises rapidly in this range, then 
flattens abruptly, remaining constant up to an energy above the 
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two-pion production throahold. It is procisoiy in this range 
that tlio paramotorizod fit based on a much wider energy range 
is poorest, differing from the measured values by as much as a 
factor of two, Tho experimental points of Dnldoni ot al , (1P62) 
and of Bugg ot al , (19 6 'll have been included in Figure 3 along 
with those referenced by Stocker (1973) , For purposes of the 
present work, tho it“ production rates have been evaluated from 
a numorical integration of tho smooth curve drawn through the 
measured points shown as the solid line in Figure 3, As no 
additional measurements are available for tt“ production from 
proton-alpha interactions, the values reported by Stacker (1970) 
have been employed in tho present work, 

'I’he proton-alpha particle interactions have a lower threshold 
for IT*’ production than tho proton-proton interactions. The im- 
portance of proton-alplta particle interactions is further en- 
hanced by energetic alpha particles which interact with ambient 
solar protons. In the present analysis, the differential 
alpha-particle flux is assumed to scale as the relative abun- 
dance times tho differential proton flux as a function of 
kinetic energy per nucleon. The total contribution of proton- 
alpha plus alpha-proton is then twice tho ir'’ yield due to proton- 
alpha particle interactions. The abundances given in Table 1 
have been assumed for the relative number of alpha particles 
per proton. In Table <1, the fractional contributions due to 
proton-proton and bo proton-alpha plus alpha-proton interactions 
are shown for three values of the energetic particle spectral 
indox. The increasing importance of the lower-energy particles 
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and connequontly Uiq lowai'-thxoshold proton-’alpha and alpha- 
proton reactions, imcti.on of inoreasinq spectral index, 

can be soon from a comparison of the relative contributions 
to the energy ranges above and belo\^/ 700 MeV/nucleon, 

The spectra of ir® y rays shown in Figure A liave been 
calculated from detailed differential cross sections for ir“ 
production available for proton kinetic energies of 560 MeV 
(Baldoni et al . 1962) and 970 MeV (Bugg et al . 1964) . The 
expected solar y-ray spectra can be represented well by mix- 
tures of the spectra for these two proton energievS, weighted in 
proportion to the fractional contributions due ho incident 
energetic particles in the tv;o ranges of kinetic energy? 

< 700 and > 700 MeV/nucleon. 
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111, continuum and I»INH IJMISSION A130V1^ 0 MqV 

Tho prodichod spocbtum of solnjr-flaro y -rny oiwianion .la 
auwnuiriKod in Figure 5, The obaorvod nuclonr-lino oiniasion 
and contimnun radiauion in the 1972 Auguat >\ aolar flare have 
been umployod for normaliaabion (Chupp, Forrest, and Suri 1975 ? 
Suri Qb nl , 1975) , Tim expocbod line omission ah 15.11 MoV 
and him continuum radiation duo to jr“ decay aro based on cal- 
GUlatod cross soctiona and multiplicitios prosentod in tho 
previous section. 

The '1,‘1‘t-MeV line emission observed in the 1972 August 
4 flare is shown in Figure 5, normalised bo that differential 
flux expected for an idealirod line v^idth of 90 keV, PNIIH. 

This is the expected width of the lino duo to Doppler broadenine 
alone, calculated by Ramahy, Kozlovsky, and Suri (1977) under 
the simplifying assumption that there is no correlation between 
the direction of the incident proton and tho omitted Y ray. 

The corresponding 15,11-MeV lino emission is shown for a 
Doppler ‘width of 300 keV and an instantaneous proton spectrum 
which is constant vip to an energy of 30 MoV and wlvich decreases 
with a spectral index of 2 above that energy. Doth tho 'l.-l't- 
and the l5.11~MoV line omission are insensitive to steepening 
of the proton spectrum above 100 MeV, in addition to line 
emission at 15.11 MoV, continuum radiation with the same total 
flux is expected from the interactions of energetic carbon 
nuclei witli the ambient solar medium. 

The continuum radiation reported by Suri ot al . (1975) in 
the energy interval 1 to 7 iMoV for the 1972 August 4 flare aro 
shown as data points with associated statistical uncertainties 
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in Figaro 5, 'Tho total flux obaorvod in tho interval 4 to 0 

MoV, including both lino cwisaion and continuum radiation ^ 

-2 -1 

ia 0,2 photona cm s , ono third of which ia reportedly ob- 
served in tho 4,4-MoV and 6,1-MeV lines (Chupp et al . 1975), 
Calculations by Rumaty, Kozlovsky , and Suri (1977) suggest that 
all of tlie observed emission above '1 MoV is of nuclear origin, 
with tho continuum radiation resulting from Doppler-broadened 
y-ray linos. Such extreme Doppler broadening is thought to 
be duo to the de-excitation of energetic heavy nuclei which 
have been accelerated in solar flares. These nuclei are 
excited by interactions with the ambient solar medium and 
decay before slowing down. 

The possible contribution of electron bremsatrahlung to 
tho Y-ray continuum above Q MeV has been estimated under the 
assumption that the contribution for energies between <1 and 0 
MeV is at most half of the total Observed flux, because best 
estimates indicate that electron bremsstrahlung above <1 MeV 
ia entirely negligible, half the observed flux may bo considered 
a very generous upper limit. The high-energy bremsstrahlung 
spectrum is normalized in the interval 4 to 8 MeV and extra- 
polated with a spectral index of 3 , as shown in Figure 5, For 
tho energy range under consideration, an index of 3 for the 
photon spectrum corresponds to an instantaneous electron 
spectrum with a power-lavNf index slightly less than 3, a typical 
value for the spectra of electrons observed in a large number 
of solar flares (Datlowa 1971) . 

Tho yield of y rays per flare proton has been calculated 
for proton-proton interactions using the ir® production cross 
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aoctiona Uimoo niultiplicltios proacmtad in Figaro 3, For 
probon-alphci particlo inboractiona , tlio yield of it® Y rays has 
boon calculabod from tho n® production cross soctions bimos 
multiplicitios given for thin procosn in Pirfuro 5 of Stockor 
(1970) . Tho ir° Y-ray yield has boon normalized to the number 
of protons required to produce the Y“i-*ay flux observed 

in the 1972 August 4 flare. 

'i’ho Y“i-*ay continuum duo bo ir“ decay has boon calculated for 
three cases. In each, the instantaneous proton spectrum is 
assumed to be constant up to an energy of 30 UcV and to follow 
a power law in energy with a spectral index of 2 for energies 
between 30 and 100 MeV, In the first case, the proton spectrum 
is assumed to continue with a spectral index, s, of 2 up to an 

3 

energy of 10 MoV, ah which the spectrum is terminated and the 

proton flux is set equal to zero. In the other two cases, the 

spectrum is assumed to break at 100 HoV and to drop with a 

3 

spectral index of 3 or '1 up to an energy of 10 mqV, at which 
it is again terminated, The resviltanh spectra of y rays due 
to r“ decay are shown in Figure 5. 



XV. SU.MMAUY 


U'ha nbovo 8 MeiV in vi<'h nm.1 irnlntivnlv 

v\nbKpXo«id iro^xion wlxich la popwinloa by wviaaiou fi’Om Vho hinhtt'ife 
onbi-fjy infctu'nabiona in aolnr flnpoa. *i'Vm imrao lAvvubar oP y'^j'ay 
oiulttelnq Xtxvola in Uhn onni^ny infcoi.*vnl 8 nuvl 10 Mo\‘ will 

aauvKq n aiqnifiGant GOiAfeiNlbntlvAU tc^ thn enntimwnn owlaa.lwn. idnoi 
tAwiaaion v<fifch i^alnbivcily lAnvvow nopplQj^ widlba luny bo oKpocloa 
to bo o<?eQwpmYlovl by oi’anbly bi.’o?«louot,l lino omiaslon duo bo 
oHo-lbOtion Qt OQcol.oi.vO bod hofivy ioufi which ivvhoirocb with bho 
oiwhionfc aoloc ota«oapUoi:o. Tho dourti'-y of posaiblo X-,cny linoa 
bobwoen 8 oml 10 MoV, oil wibh aimllvnJ^ gbjfonnbh Poeboini, will 
inorooao hho aifficulfcy of roaolxfinct and idon fe.l f^yinn bho in^* 
dlvidwnl linaa. hccui?obo ycodichlona of bho iroJ.oHvo ntronolhs 
of fchoaa liuaa will iroquifo o i\wch bobiioi? knowlodna of bho 


iu\poi.*bmvfc c.t,*oaa aocfionoi. hacvouaa of fehoic vnouaiflvify bo 
fcha vapooUi'um of onarqafeic fln.i*a pavijlclaaf iv\onfiftc*obion of 
any of fh.aaa high-anarqy y-x'ay llnaa would provida aianificnub , 
uow oonata’ainta on bi\a anayqatioa of aolvnv flnx^os, 

biiva ainloaion fx’ow fha lS.ll’-^^a\f o.soifad afnla vof ia 


ahown to ba v=\ aanaibivo manaum of tha anax’qy apovAtinnu of feho 
p,rotou9 uGcaloxnxbad in aolnr flnx’aa. M'ha xniaulfa proaanfad in 
Piqura 1 da won at irn to bUnf tUa flux of 18.11-HrtV y x-aya ralfitivo 


to tha flux of 4.44'*'MaV y xwiya ia wv atronn function of H\o. 
chutuctatiatioa of bho proton apoctruw in tha anorny rntiua in 
to lOiO WeV, Uncartnintiaa in tha axpaotUHl upov'trvil v\oponvh>nco 
of tha flnx ratio ara duo pr'iuvas'ily to lack of woaaurad crooa 
aaotiona for tha proeaaa ‘^^'o(p,p’«> tteV J ^ know- 

ladqa of thaaa oro3va auctions is raviuirad for uccvxrata 


qunntifcntivo infcotfpx'otafcionn oJ? aoXju* fXnx*o obiiorvationa , 

Obaorvabiliby of tbo IG.ll'-MoV Xino doponUo op tho Infonnity 
of tiho Xiho omiaaion^ XUo inttm»ity of othoi* wmXoaion within tho 
bantl paan hofinod by tho width of fcl^Q linOf and tho inat-.rumontai 
x'oaoXubion and aonaifeivity with which it ia oboorvod, X’ho con- 
biivuum radiation in an onor'qy intorvaX around XI5.XX MoV ia 
QxpQctod to bo low and not ho Xiiuih hho obaurvabiXihy of hho 
lino, X'ho dohochion probability of 15,11-MoV y x*aya ia onhancoil 
by bho high itiboracbion croan aocbion, which riaoo in bhia 
onorgy range duo bo the pair-production procoaa. Tho onoroy 
x‘Q30lubion c)iaractorisbie of Nal* aoinbillabion apoobromotora 
for Y raya in bhia onorgy rango ia loaa than tho oKpoebod 
Doppler widbh of bho J.ino, oo bhab no sovoro oonabrainba on 
tho insbruiuonbal roaoXvibion ai:o roguirod. Per flare inbonaibioa 
comparablo to bho 197?. Augunb >\ aolar flaro, dotoebora with 
10 bimoa bha aonaitivo area of tho oao-7 inabrumenb, or appro^i- 
Maboly 500 cm , and XOO^, duty factor, conhinuoua solar viowinor, 
would onabio poaibivo dotoebion of the IS.ll-MoV lino or 
dofinibivo rosbrictiona on blio apoebrum of flare px*otona, 

Obaar rations of y x'aya raanlbing from tho production and 
decay of tr“ wouXd provido clear evidence that nuclei aro accel- 
exMtevt to kinetic anex*gies of many huudx'oda of MnV/nucleon in 
aolar fXax*ea, hven with apoctra cub off at 10^ MoV, more than 
40% of the ir'*-docay Y rays aro due to interactions with pax’ticlos 
of kinetic enoxnty greater than 7DlVHoV/nuclQon. Intoractions 
involving alpha particle.^ eontx‘ibute nearly 50% of the iP* y rays, 
independent of the spectral indok. Measurements of ir“ -production 



Gi.*Q33 stictiona for proton-alpha particlo intoractions vnro ra- 
v]uirod for exporiwontal confirroation of tUo caleuiations on 
which tl\o proaont work ia baaod, 

Obaorvability of y raya doponda on fiaro infeonsity and 
dotoctor oonpitiviby* 'fho energy ronolwtion available with 
both Nal and Cal acintillation apectromotera ia more than 
adequate to roaolvo the qonornl features of the expectod anoc- 
trvvm. No otlior contimmm radiations are expeGted to confuse 
the observations, 'i'he detection probability ^"or these y rays 
ia high due to the pair production cross soction. The actual 
detector areas required depend on details of instrumontal 

n 

shielding and background. Areas of approximviUily 500 cm“ , 
however, should enable positive observations for a proton 
spectral index of 3 or loss, and definitive uoper limits if 
the spectrum fails off more stooply. 
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PIGUUP CAPTIONS 

Crosg 3Qction3 for ^^C(p,p*) and 

12„* (15.11 MqV) ^ ^ 

C(p,p') C as a function of the 

kinatic onorgy of tho exciting proton. 

Ratio of tho flux of l5.11~MoV bo the flux of 
4.<14 -MgV Y rays as a function of tho spaetral 
index of the axcibing proton. 

Gross sections tinioS multiplicity for the pro- 
duction of ir“ as a function of the kinetic enargy 
of tho Qxciuing proton. References are given by 
first author only. 

Spectra of y rays resulting from the decay of 
produced by proton beams of kinetic energies 5G0 
and 970 Me V. 

Gamma-ray line omission and continuum radiation 
for a differential proton spectrum of the form 


dN /dl2 ct C 


with s » 0 for P < 30 MeV and 

p, - 


P' P P 

s “ 2 for 30 < ii < 100 MoV, The calculated 

^ p 

fluxes are normalised to the lino emission and 
gontiiuunn radiation observed below 8 MeV in t!ie 


1972 August 4 solar flare, Tliree estimates of the 
Y~ray continuum due to ir“ decay are presented, one 
with a proton spectrum which continues above 100 
MoV with a power^'law index of s «= 2. The others 
break ah 100 MeV, continuing wiblv power">law 
indices of s =* 3 or 4. All three are cut off 
at an energy of 1000 MeV. 
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